This work was initiated to investigate the possibility of using a continuous flow Micro Wave (MW) radiation system with heat exchanging for ammonia nitrogen removal from municipal wastewater after the success of using the system as a batch reactor in our previous work. The effects of initial ammonia concentration, detention time, and initial temperature were investigated. The optimum detention time and initial temperature were determined using synthetic wastewater and found to be 8.5 minutes and 62 ºC, respectively. These optimum conditions are valid within the range of 60 to 120 mg NH 3 -N/L. The residual concentrations under optimum conditions were 3.5 ± 0.4, 4.4 ± 0.4, 5.1 ± 0.2, and 6.9 ± 0.5 mg NH 3 -N/L for initial concentrations of 60, 70, 80, 100, and 120 mg NH 3 -N/L, respectively. These concentrations meet the 5 mg NH 3 -N/L standard for recharging wastewater to groundwater in many countries such as Jordan .Similar results were obtained using real wastewater samples (3.1 ± 0.2, 4.0 ± 0.1 and 4.9 ± 0.3 mg NH 3 -N/L for initial concentrations of 65.7, 73.8, and 94.6 mg NH 3 -N/L, respectively). The developed system proved to be practical in the continuous flow mode that mimics the actual operations in wastewater treatment plants. It was concluded that MW energy could be one of the most effective methods for large scale removal of ammonia nitrogen from municipal wastewater.
Introduction
Several methods have been applied to remove ammonia from municipal wastewater such as biological nitrogen removal (BNR), chemical precipitation, ion exchange, ozonation, and air stripping. Biological nitrogen removal is the most commonly used method worldwide. However, this method is sensitive to environmental conditions such as ambient temperature and pH. Moreover, conventional BNR methods require high energy for oxygen supply for the nitrification process (Gujer, 2010) and require high construction cost. Using chemical precipitation for ammonia removal may generate new pollutants in the treated wastewater, because of the required chemical additives (Demirer et al., 2005) . For ion exchange technique, the cost of resins' regeneration is high, because nitrate and sulfate anions should be eliminated from the treated wastewater before discharging to the environment (Bochenek et al., 2011) . Ozonation method consumes high amounts of energy, which seems economically unfeasible (Yang et al., 1999) . Other methods like supercritical water oxidation and air-stripping methods require high operation energy, due to the high temperatures and pressures needed (Bermejo et al., 2008; Değermenci et al., 2012) .
In the last few years, microwave (MW) energy became a promising technology. It was studied for several purposes related to environmental applications like treatment of heavy metal contaminated soil (Jou, 2006) , remediation of petroleum contaminated soils (Chien, 2012) and hydrocarbon-contaminated soil (Robinson et al., 2012) . Focusing on wastewater treatment, MW energy had been applied for several purposes, such as the treatment of ballast water inoculated with invasive organisms (Boldor et al., 2008) , remediation of phenol-polluted wastewater (Xiao et al., 2007) , treatment of petroleum refinery wastewater (Sun et al., 2008) and safe disposal of highly-contaminated pharmaceutical wastewater (Yang et al., 2009) .
Recently, via batch-reactor experiments, the authors of this research studied the characteristics of ammonia removal from municipal wastewater using MW energy and high removal efficiency was achieved. It was found that radiation time and pH had significant influence on the removal of ammonia nitrogen from municipal wastewater, while the initial ammonia concentration had lower effect (Rabah & Darwish, 2013) .
Following our successful demonstration of ammonia nitrogen removal in batch experiment, a continuous flow bench-scale system was designed and investigated in this research, where treatment of synthetic and real wastewater was carried out. Three factors were investigated: detention time, initial ammonia concentration and initial temperature. A heat exchanger was applied to recover heat energy from the effluent stream in order to utilize it in heating the influent stream and to raise its initial temperature.
The objective of this work was to investigate the possibility of using a continuous flow MW radiation system equipped with heat exchanger after the success of using the system as a batch reactor in our previous work (Rabah & Darwish, 2013) . Moreover, an important objective was to study the performance of this continuous system and to determine the optimum conditions for ammonia nitrogen removal from municipal wastewater. Figure 1 shows a schematic diagram of the experimental apparatus. A domestic microwave oven (700 W, 2450 MHz, Dura brand XB2316, UK) was used as the source of the MW radiation. Three holes were drilled in the MW body, one on the top cover to insert the ammonia gas evacuation pipe and two at the side to insert the influent and effluent wastewater pipes. A 300 ml glass vessel was placed inside the MW oven and was connected to the three mentioned pipes as shown in the figure. The wastewater was pumped from a 4 L tank into the glass reactor using a peristaltic pump (SP311, VELP Scientifica). A heat exchanger was used to allow for thermal energy recovery by inserting the influent wastewater pipe in the U-shaped tube that is filled with the continuous hot wastewater flow coming out of the MW. The heat exchanger could be bypassed by installing a bypass pipe controlled by two valves that divert the hot effluent wastewater from the MW directly to the outlet of the system. The ammonia evacuation pipe is connected to a condenser to recover the water vapor and return it back to the effluent stream. Two sampling ports were used to draw samples for the required measurements (one on the influent side, the second at the effluent side as shown in Figure 1 ). 
Materials and Methods

Experimental Setup
Materials and Analytical Methods
Synthetic wastewater (WW) solution was prepared with ammonium chloride (99.5%, analytical reagent, HiMedia Laboratories, Mumbai, India) and distilled water. The initial pH of the solution was adjusted at 11 using sodium hydroxide solution (NaOH, 2.0 mol/L, 97.5%, Chemie, Mumbai, India). Real wastewater was taken from the effluent of Gaza wastewater treatment plant.
Temperature of WW was measured by a thermometer and the ammonia nitrogen concentration was measured using Nessler standard method (APHA, AWWA, & WEF, 1989) . In all the experiments, for statistical purposes, each condition was tested 3 times and an average value was reported together with its corresponding standard deviation.
Experimental Program
In this study, three sets of experiments were performed as follows:
First set: using synthetic WW with no heat exchanger.
Second set: using synthetic WW with heat exchanger.
Third set: using real WW with heat exchanger.
The main difference between experiments performed with heat exchanger and those without heat exchanger was the value of the initial temperature (T i ) of the WW when it enters the MW. With no heat exchanger, T i was always 20 ºC (temperature of the source synthetic WW). With heat exchanger, T i was in the range of 59 to 71 ºC as shown later in this paper. Energy recovery and cooling the treated effluent are the two main goals of using the heat exchanger.
The effects of initial ammonia concentration, detention time, and initial temperature were investigated. Four detention times (5, 10, 15, and 20 min) and four initial ammonia concentrations (60, 80, 100, and 120 mg NH 3 /L) were tested in each of the first and second sets of experiments. For each detention time, 4 runs were performed, where each run corresponds to one of the 4 tested ammonia concentrations (60, 80, 100 or 120 mg/l). Thus, the total number of runs performed was 16 in each set of experiments (32 runs in the two sets).
In the third set of experiments three concentrations (55, 70, and 85 mg NH 3 /L) were tested with the optimum detention time of 10 minutes (3 runs). The value of the three ammonia concentrations are based on the characteristics of the real wastewater samples collected from Gaza wastewater treatment plant at different times. The optimum detention time was determined from the results of the first and second sets of experiments as shown later.
In each experimental run, a WW sample was taken every 5 minutes for analysis purposes and the residual ammonia concentration (C) was determined. The system was operated until a steady state residual ammonia concentration (C) was attained.
The detention time of wastewater in the MW reactor was controlled by changing the wastewater pumping flow rate according to following equation:
Where θ is the detention time in min., V is the volume of the glass vessel in ml, and Q is the wastewater flow rate in ml/min.
The initial pH for all sets of experiments was set at 11 which was found in our previous work to be the optimum value for removing ammonia nitrogen from municipal wastewater using MW radiation. Figure 3 ) was lower than that attained in the experiments without heat exchanger (i.e. results in Figure 2 ). For example, when θ was 5 min (Figure 2-a) and the initial temperature (Ti) was 20 ºC, (C) was 8.4 ± 0.3 mg/L (for an initial concentration of 60 mg/l) while it was 4.1 ± 0.4 mg/L when θ was 5 min and T i was 59 ºC as shown in Figure 3 -a indicating better removal efficiency when using heat exchange (86.7% versus 93.2% removals). More elaboration on the effect of detention time and heat exchange effect are given in the following subsections in addition to the effect of the initial ammonia concentration.
Results and Discussion
Performance of the System Using Synthetic WW
Effect of Detention Time
To investigate the effect of detention time (θ), in each run, the initial ammonia concentration (C i ) was fixed at a certain value (60, 80, 100 or 120 mg/l) while the detention time was increased in the range of 5 to 20 minutes. Figure 4 illustrates the effect of detention time (i.e. MW radiation time) on the steady state residual ammonia concentration (C) for C i values of 60, 80, 100 and 120 mg/l when the initial temperature (T i ) was kept at 20 ºC via bypassing the heat exchanger. The general observed trend was that C decreased nonlinearly with the increase of detention time inside the MW reactor for all the ammonia initial concentrations. For example, for a C i value of 80 mg NH 3 -N /L, the steady state residual ammonia concentrations were 14, 8, 6 and 3.5 for detention times of 5, 10, 15, and 20 min, respectively. The same trend was observed for the remaining concentrations as interpreted from Figure 4 . The improved performance with the increase of detention time is attributed to the increased heating energy induced by the MW radiation that increased in turn the water molecules random motion leading to the increase of ammonia mass transfer out of the liquid phase. To make sense of the removal efficiency, the ammonia residual (C) is compared to the ammonia standard for wastewater reuse for recharge to the groundwater which is 5 mg NH 3 -N/L (JISM, 2006). The standard concentration was achieved at 11, 16, 18 and 19 min for C i values of 60, 80, 100 and 120 mg NH 3 -N /l, respectively (Figure 4 ).
Effect of Initial Temperature
The initial temperature (T i ) was constant at 20 ºC in the first set of experiments when the heat exchanger was bypassed. However, in the second set of experiments, when the heat exchanger was employed, T i increased with the increase of detention time (θ). T i was 59, 63, 68, and 71 when the detention time was 5, 10, 15, and 20 min, respectively. Figure 5 illustrates the effect of initial temperature on the steady state residual ammonia concentration (C) for T i range of 59 to 71 ºC. The removal efficiency when T i was 20 ºC can be observed from Figure 4 . Since T i and θ are dependent variables when using the heat exchanger, it was necessary to isolate the effect of θ while studying the effect of T i . This was achieved by comparing the value of C at T i of 20 ºC at a www.ccsenet.org/enrr Environment and Natural Resources Research Vol. 3, No. 3; specified detention time (5, 10, 15, or 20 minutes) with C at the corresponding T i (59, 63, 68, or 71 ºC) . For Example, by reading Figures 4 and 5, when θ was 5 minutes, T i was either 20 or 59 ºC and when Ѳ was 20 minutes, Ti was either 20 or 71 ºC. It was observed that the removal of ammonia increased by the increase of initial temperature. For example, for C i = 100 mg/L and θ =10 minutes, C was 11.2 ± 0.5 mg/L (from Figure 4 ) and 3.8 ± 0.3 mg/L (From Figure 5 ) when T i was 20 and 63 ºC, respectively. An important result was also concluded regarding the achievement of a specified standard residual value such as 5 mg NH 3 -N/l for the purpose of recharge (Jordanian standards, 2006) . The results indicate that a specified standard can be achieved by lower detention time when using higher T i values by means of heat exchanger. For example, for C i = 100 mg NH 3 -N/L, the standard concentration required 15 minutes detention time to be achieved, while it was achieved at a detention time of 8.5 minutes only when the heat exchanger was used. This finding is very important in terms of the economical feasibility of such a system. Lower detention times mean lower reactor volume and lower power consumption per treated cubic meter of WW. Four initial ammonia concentrations (C i ) were tested in this work, namely: 60, 80, 100 and 120 mg NH 3 -N/l. These concentrations are in the typical range of ammonia concentrations in real municipal wastewater (CMWU, 2010) . To investigate the effect of C i , the detention time (θ) was fixed at a certain value (5, 10, 15 or 20 min) while C i was changed to one of the above mentioned 4 concentrations. Figure 6 illustrates the effect initial ammonia concentrations (C i ) on the steady state residual ammonia concentration (C) when the initial temperature (T i ) and pH were kept constant at 20 ºC and 11, respectively.
It is observed from Figure 6 that at low detention time (θ) the increase of initial ammonia concentration (C i ) resulted in higher ammonia steady state residual concentration (C) (i.e. lower removal efficiency). For example, when θ was 5 minutes, C increased from 26 to 38 mg NH 3 -N /L when C i increased from 60 to 120 mg/L. On the other hand, it was observed that at high θ the effect of C i on C decreases and becomes negligible. For Example, when θ was 15 minutes, C increased from 6 to 11 mgNH 3 -N /L only when C i increased from 60 to 120 mg NH 3 -N/L. Moreover, when θ was 20 minutes, C was almost constant when C i increased from 60 to 120 mg NH 3 -N/L (i.e. C increased from 3 to 3.5 mg/L only).
This phenomenon can be attributed to the variations of ammonia mass transfer rate due to the change of the heating energy induced into the wastewater by microwave radiation. At low detention time the heating energy in the wastewater is low and has a corresponding low constant ammonia mass transfer rate. So when C i increases C also increases. On the other hand, at high detention time the heating energy in the wastewater is high and has a corresponding high constant ammonia mass transfer rate that is enough to overcome he increase in C i and consequently results in constant value of C for all values of C i .
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Performance of the System Using Real WW With Heat Exchanger
The third set of experiments was performed to study the performance of the system when treating real wastewater. The experiments were performed using three wastewater samples that were collected from Gaza wastewater treatment plant effluent. Samples characteristics and the sampling dates are given in Table 1 . Figure 7 . Performance of the continuous microwave system in removing ammonia from real domestic wastewater
The third set of experiments was run using the optimum conditions determined from the first and second sets of experiments that were performed on synthetic wastewater as indicated above. The detention time used was 8.5 minutes since it was found to be enough to achieve a residual ammonia concentration of 5 mg NH 3 -N/L (as indicated in item 3.1.2). The initial temperature (T i ) was 62 ºC as a result of using the heat exchanger. The pH was set at the optimum value of 11. Three runs were performed where each run corresponds to one of the three initial ammonia concentrations presented in Table 1 (i.e. 65.7, 73.8, 94 .6 mg NH 3 -N/L). Figure 7 shows the performance of the system in removing ammonia from real domestic wastewater under the described conditions. It was observed that the ammonia residual concentration (C) decreased with time at the beginning of the process then it reached a steady state value after 20-30 minutes for the three runs. The residual steady state ammonia concentration (C) was found to be 3.1 ± 0.2, 4.0 ± 0.1 and 4.9 ± 0.3 mg NH 3 -N/L, for the initial concentrations 65.7, 73.8, and 94.6 mg NH 3 -N/L, respectively. This indicates that the ammonia standard concentration of 5 mg NH 3 -N/L can be achieved under conditions described in this study. It was also observed that the ammonia removal efficiency and the residual ammonia concentrations are similar to that of the synthetic wastewater. This indicates that other constituents in the municipal wastewater such as organic matter and suspended solids have no significant effect on the ammonia removal by MW radiation.
Conclusion
This research was carried out to explore ammonia nitrogen removal from municipal wastewater using a continuous microwave system equipped with heat exchanger. The effects of ammonia initial concentration, radiation time, and wastewater initial temperature were investigated. It was concluded from the experiments performed on synthetic wastewater that the optimum conditions for this system are using a detention time of 8.5 minutes that leads to an initial temperature of 62 ºC when using the heat exchanger. These conditions are valid for the range of initial concentrations between 60 and 120 mg NH 3 -N/L a concentration range typical for municipal wastewater. The residual ammonia concentrations under these conditions were 3.5 ± 0.4, 4.4 ± 0.4, 5.1 ± 0.2, and 6.9 ± 0.5 mg NH 3 -N/L for initial concentrations of 60, 70, 80, 100, and 120 mg NH 3 -N/L, respectively. Similar ammonia removals were achieved with real municipal wastewater samples that were treated under the same conditions. The residual steady state ammonia concentration (C) was found to be 3.1 ± 0.2, 4.0 ± 0.1 and 4.9 ± 0.3 mg NH 3 -N/L, for the initial concentrations 65.7, 73.8, and 94.6 mg NH 3 -N/L, respectively. It is concluded from these results that the optimum conditions for ammonia removal from real wastewater by MW radiation are: detention time of 8.5 minutes, pH of 11, and using heat exchanger (to achieve initial temperature of 62 ºC or better). These conditions apply for initial ammonia concentrations in the range of 65 to 95 mg NH 3 -N/L which is the typical range of concentrations in municipal wastewater. This study suggests that MW radiation operated in a continuous mode is a promising technology for removal of ammonia nitrogen from municipal wastewater.
